We improve the current predictions of the standard model for neutron beta decay observables and compare them with the currently available ones. Next we study their implications in the possible detection of new physics. We discuss where the limitations are and where further efforts should be directed.
Introduction. As precision measurements in neutron beta decay (nβd) have become available, interest in detecting physics beyond the standard model (SM) in this decay has increased steadily [1] . However, the predictions of the SM for nβd observables seem to be severely afflicted by our current inability to calculate the leading form factors ratio λ= g 1 /f 1 and the Cabibbo-KobayashiMaskawa (CKM) matrix element V ud . It imposes on them two general restrictions, namely, the V − A structure of the weak vertex and the unitary of the CKM matrix , respectively. Otherwise these two quantities remain as free parameters to be determined from experiment. With current experimental error bars a region in the (λ, R)-plane (R is the decay rate) can be determined where the SM remains valid at, say, 90% C.L. We shall refer to this region as the standard model region (SMR). Our main purpose in this paper is to reduce this region as much as possible, thereby, improving the predictions of the SM. Next we shall study the usefulness of this improved region in either detecting new physics or imposing more strict bounds on its existence. Finally, we shall discuss how future efforts in this respect should be directed. Another important aspect to discuss is the limitations for the detection of new physics 1 E-mail: jlgarcia@fis.cinvestav.mx in nβd. As precision measurements improve, the limitations will be come significant enough as to render the detection of new physics in this decay very obscure or even hopeless. Procedure. As we just mentioned agreement of the SM with nβd can occur only in the region of the (λ, V ud ) plane or equivalently of the (λ, R) plane where both the V − A and the unitarity restrictions are satisfied, namely the SMR. Disagreement, and along with it the possibility to detect new physics, corresponds to the region in such planes where the restrictions are no longer satisfied. We shall refer to this other region as the new physics region (NPR). we shall proceed determine these two regions. One can show that up to a precision of 10 −4 the observables in nβd depend only on two parameters, namely, the (CKM) matrix element V ud and the ratio λ [2] . All other contributions up to this precision are well determined (through the use of the conserved vector-current hypothesis, model-independent and reliable estimates of model-dependent radiative corrections, etc.). We shall use the angular asymmetry coeficients α e , α eν , and α ν (imposing the V − A restriction through λ), the CKM V us and V ub matrix elements (imposing the
us ), and R. Then we form a χ 2 function with six terms. The first four terms compare the theoretical expressions of the α e , α eν , α ν and R as functions of λ and V ud with their experimental counterparts, the fifth term compares V ub of the unitarity square root with its experimental counterpart, and the last term constrains V us to its experimental value. The precision measurements in nβd occur in R and α e . The state-of-the-art will allow that their error bars be reduced to about one tenth of their current values [3] . In order to determine the SMR we shall concentrate on these two quantities. We shall keep the other four fixed at their present experimental values [4] , namely, α eν = −0.0766(36), α ν = 0.9830(40), V ub = 0.0036(10) and V us = 0.2196(23). We have folded the theoretical error into the current value of R to give R = 1.12879(110) [2] . It is customary to quote the experimental value of λ instead of α e and we shall follow this practice, i.e., in χ 2 we shall replace α e by λ. There are at present [5, 6, 7, 8] four precise measurements of λ (all them through α e ), namely, λ L = 1.2660(40), λ B = 1.2620(50), λ Y = 1.2594(38), and λ R = 1.2735(21). This last value is slightly revised in [1] . The first three are statistically compatible and their average is λ LY B = 1.2624(24). One may quote the average of the four, λ LY BR = 1.2687(16). However, this average is not statistically consistent and one should really keep λ R separate from the other three. At any rate the error bars of λ LY B and λ R are comparable, so one may take a typical σ λ = 0.0024. Because of this situation we shall cover 5σ λ to the right and 3σ to the left of λ LY B . For definiteness, we shall work in the (λ, R) plane. Our procedure to determine the SMR is to calculate χ 2 at points (λ, R) covering the rectangle in this plane with sides (1.256, 1.274) for λ and (1.12549, 1.13209) for R. This latter is the ±3σ R range. The values of λ and R in the points (λ, R) are used as the "experimental" central values in the χ 2 function. For the "experimental" error bars we shall consider three possibilities. First we take σ λ and σ R at their current values, next we take for them one tenth of those current values, and last we take for them one thousandth of such values. Results. Our numerical results are displayed in Table 1 . There we show the 90% and 95% ranges for λ at sample values of R (which go in steps of one current σ R up to ±3σ R around its present experimental central value). For each value of R we give three entries; the upper, middle, and lower ones correspond to current error bars, future one tenth error bars, and, so to speak, "ideal" one thousandth error bars, respectively. All these numbers are easily visualized in Figs. 1-3 . The bands within the dotted lines correspond to the 90% SMR in the three cases considered. In each of these figures we have also depicted with I, II, and III the 90%CL ellipses around λ LY B , λ R and λ LY BR , respectively. In figures 2 and 3 we also show the 90%CL ellipses corresponding to one tenth of σ λ and σ R around these three central values and also around a central value previously reported in [9] , λ W = 1.2657(30). These figures make it very easy to reach several conclusions. The λ LY B and λ R with their current error bars both fall completely at a 90%CL in the NPR, i.e., each one gives a strong signal for the existence of new physics. This cannot be seen in Fig.  1 , but it becomes very clear in Figs. 2 and 3 . Of course, since they fall on opposite sides of SMR, the situation is yet undecided. Another conclusion is that the SMR is greatly improved by reducing σ R and σ λ by one tenth; but, even though there is some improvement, to further reduce σ R and σ λ does not provide a substantial gain. The reason is that in Fig. 2 The error bars of V us already dominate. This is clearly seen in Fig. 3 , where the width of the SMR is due almost entirely to the V us error bars. The the detection of new physics in nβd. The ability of nβd to resolve new physics depends on where in the (λ, R) plane the future (λ exp. , R exp. ) will lie as well as on their future accompanying error bars. One may appreciate this by looking at the values of χ 2 at points covering the rectangle we are studying. For this purpose we have produced Table 2 . In each entry we give two numbers. The upper one uses the current σ R and σ λ , the lower one uses one tenth of σ R and σ λ . χ 2 does not further increases substantially if one uses one thousandth of σ R and σ λ , but we shall not produce the corresponding numbers in Table 2 . χ 2 may reach impressively high values. There is another way to appreciate this resolving power. This can be seen in Table 3 . We selected the four values of λ marked as I-IV in Figs. 2 Table 3 we can see how the resolution increases as the error bars in λ and R decreased. To clearly resolve I and II it is quite sufficient to cut σ R and σ λ simultaneously to a little over one-half their current values. To resolve point IV requires that σ R and σ λ be simultaneously cut to around one sixth. To resolve the overall average of λ at III requires more effort , because of its closeness to the SMR.
However, Fig. 3 shows it falls in the NPR. Also, one can see in this table that reducing σ R alone is of little use in detecting new physics. While reducing σ λ alone helps in cases I and II, but is useless in cases III and IV. Summary and discussion. In this paper we have substantially improved the predictions of the SM for nβd observables, as can be appreciated by comparing Fig. 1 with Figs. 2 and 3 . Our analysis has several implications. First, it allows to clearly and also easily appreciate recent precision measurements, λLY B and λ R . In Fig. 1 they show some indication in favor of new physics, while in Figs. 2 and 3 each one is clearly resolved past the 90% C.L. in favor of the latter. Of course, we still have to wait for a consistent average to be determined in the future . Second, our current inability to compute λ and R with the SM is not a real obstacle to detect new physics in nβd. Ideally, the SM predictions should be a point in the (λ, R)-plane. Instead, with λ and V ud remaining as free parameters, the predictions become still ideally a line in this plane. Thus, it is still possible to resolve this line from new physics contributions. Third, the real limitations for this enterprise come from the width of the band around this ideal line. As we have seen, there are only two important ingredients in this width. One is the 10 −4 theoretical uncertainty in R and the other one is the error bars on V us . The first one turns out to be not important. It forces us to stop at the band of Fig. 2 . However, looking at Fig.  3 , which assumes that this theoretical error has been reduced to zero, we learn that error bars of V us are the real limitation for nβd to detect new physics. In the light of this discussion, we can understand better where future efforts should be directed. On the theoretical side, they should be directed towards reducing the theoretical uncertanties in R and in the determination of V us . On the experimental side, our analysis makes it clear (see Table 3 ) that precision measurements must simultaneously reduce the error bars on R and λ. Improving measurements in only one of them is useless. The precision measurements of the other two angular coefficients α eν and α ν lead to the same bands of Figs. 2 and 3 . In this sense they are no longer needed. However, if new physics is indeed detected in nβd, they will be very useful in delucidating what kind of new physics it would be. Finally, it is clear that the determination of V us must be greatly improved, because it represents the real limitation for nβd to detect new physics. Table 1 Ranges for λ at fixed values of R, in the three cases for the size of σ λ and σ R discussed in the text. For completeness, we also include the range for V ud . χ 2 0 is the minimum of χ 2 and λ 0 is the corresponding λ. 
